Lefty/Ebaf polypeptides, novel members of the TGF-␤ superfamily, are involved in endometrial differentiation and embryo implantation. Recently, we showed that, during undisturbed estrous cycle, lefty is present in mouse uterine horn primarily in a precursor form. Here, we show that decidual differentiation of endometrial stroma leads to increased lefty (ϳ3.1-to 3.6-fold in vivo and 5-to 8-fold in vitro) and processing of its precursor primarily to its long form. This event occurs on d 5 of pregnancy, and is paralleled by proprotein convertase (PC)5/6 up-regulation (ϳ6-fold increase for PC5A and 3-fold increase for PC5B) in decidualized uterine horn, independent of embryo implantation. Among the known convertases, only PC5/6A processes lefty to its long form. Taken together, the findings show that decidualized differentiation of stroma, which is a prerequisite for embryo implantation, leads to processing of lefty by PC5/6A. (Endocrinology 146: 5313-5320, 2005) L EFTY/EBAF POLYPEPTIDES, novel members of the TGF-␤ superfamily, are involved in the formation of the embryonic lateral patterning and endometrial differentiation (1, 2). Members of the TGF-␤ superfamily require processing for their activation, suggesting that cleavage is an essential step for lefty activation. Transfection of different cell lines with human lefty A and B form resulted in expression of a 42-kDa protein, which was proteolytically processed to release two polypeptides of 34 kDa (long form) and 28 kDa (short form) (3). The mutation of the consensus sequences for proprotein convertase (PC) cleavage in lefty protein identified and validated the lefty cleavage sites. The mutation of the sequence RGKR to GGKG (amino acids 74 -77) and RHGR to GHGR (amino acids 132-135) prevented the proteolytic processing of lefty precursor to the 34-and 28-kDa forms, respectively (4). In pluripotent P19 cells, lefty did not induce Smad2 or Smad5 phosphorylation, Smad2/Smad4 heterodimerization, or nuclear translocation of the Smad2 or Smad4, but activated MAPK pathway in a timeand dose-dependent fashion (4). The 28-kDa, but not the 34-kDa, polypeptide induced MAPK activity. These data supported a molecular model of processing as a mechanism for regulation of lefty action(s).
L EFTY/EBAF POLYPEPTIDES, novel members of the TGF-␤ superfamily, are involved in the formation of the embryonic lateral patterning and endometrial differentiation (1, 2) . Members of the TGF-␤ superfamily require processing for their activation, suggesting that cleavage is an essential step for lefty activation. Transfection of different cell lines with human lefty A and B form resulted in expression of a 42-kDa protein, which was proteolytically processed to release two polypeptides of 34 kDa (long form) and 28 kDa (short form) (3) . The mutation of the consensus sequences for proprotein convertase (PC) cleavage in lefty protein identified and validated the lefty cleavage sites. The mutation of the sequence RGKR to GGKG (amino acids 74 -77) and RHGR to GHGR (amino acids 132-135) prevented the proteolytic processing of lefty precursor to the 34-and 28-kDa forms, respectively (4) . In pluripotent P19 cells, lefty did not induce Smad2 or Smad5 phosphorylation, Smad2/Smad4 heterodimerization, or nuclear translocation of the Smad2 or Smad4, but activated MAPK pathway in a timeand dose-dependent fashion (4) . The 28-kDa, but not the 34-kDa, polypeptide induced MAPK activity. These data supported a molecular model of processing as a mechanism for regulation of lefty action(s).
In humans, lefty is expressed in endometrial stromal cells that gradually undergo the differentiated state of decidualization (2) . Decidual cells adopt unique phenotypic, functional, biological, secretory, and biosynthetic features. Decidualization is promoted by the cAMP and protein kinase A pathways as well as, after an initial estradiol priming, by progesterone (P). Recent studies indicate that this process is associated with exquisitely controlled sequential gene regulation including kinetic reprogramming of genes associated with decreased G protein signaling, increased STAT pathway signaling, cell proliferation, structural protein changes, cellular differentiation, and secretory processes (5, 6) . Among these changes, expression and secretion of prolactin and IGBP-1 have become the hallmarks of this differentiated cellular state. Decidualized cells produce extracellular matrix proteins including laminin, type IV collagen, fibronectin, and heparin sulfate proteoglycan. The kinetic reprogramming, as revealed by microarray analysis of human endometrial stromal cells forced to differentiate in vitro by cAMP, includes remarkable elevation in the expression of lefty (5, 6) . The expression of lefty is increased from a low basal level by 3-fold within 2 h, and 123-fold within 36 h of receiving the decidualizing stimulus (6) . Brar et al. validated the microarray data with Northern blot analysis and showed a steady increase of lefty over a period of 12 d when the decidual cells are fully developed (5) .
Taken together, these findings suggest that lefty might be an integral component of the decidualization process. We were interested in extending these observations to a model system more amenable to experimental manipulation in vivo. Therefore, the current study was carried out to define precisely the expression and processing of lefty during decidualization. The results show that induction of decidualization leads to the conversion of lefty into its long form. This event, which occurs upon decidualization of stromal cells, is paralleled with the expression of PC5/6, the primary enzyme for proteolytic cleavage of the precursor form of lefty to its long form (4) . These findings show that lefty expression and processing are intrinsic features of the differentiated decidualized state of stromal cells.
Materials and Methods Materials
Chemicals were from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA). The avidin-biotin-peroxidase kit was from Vector Laboratories (Burlingame, CA). The goat polyclonal antibody to lefty peptide (M-20) mapped to the carboxyl terminus of mouse lefty and recombinant IGF binding protein 1 (IGFBP-1) were from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). The recombinant lefty was from R&D Systems (Minneapolis, MN). The antibody to actin was from Abcam, Inc. (Cambridge, MA). Rabbit antibody to PC5/6 was from Alexis Biochemicals (Laü felfingen, Switzerland). Outbred CF-1 and CD-1 mice were obtained from Charles River Laboratory (Wilmington, MA).
Sample preparation and analysis of estrous cycle and pregnancy
In this report, the expression of mouse lefty was examined in the endometria of mice (n ϭ 6) during pregnancy. Each experiment was repeated at least twice to confirm reproducibility of data. Day 1 of pregnancy was considered as the day when the vaginal plug was detected. Approval of the institutional Animal Care and Use Committee of the University of Delaware was obtained for carrying out the removal of uterine horns during pregnancy.
Transfection
CHO cells were maintained in DMEM (Life Technologies, Inc., Rockville, MD) supplemented with 10% (vol/vol) fetal bovine serum (FBS; Life Technologies, Inc.) and 1% (wt/vol) antibiotic-antimycotic mixture (Life Technologies, Inc.). For transfection, cells were trypsinized with 0.05% (wt/vol) trypsin-EDTA (Life Technologies, Inc.) and seeded into six-well plates (Falcon, Franklin lakes, NJ) at a concentration of 2 ϫ 10 5 cells per well. Cells were cultured in 1.5 ml of the culture medium, in the presence of CO 2 at 37 C for about 16 h. Upon reaching 60% confluency, cells were cotransfected with cDNA of lefty A and with furin, PACE4, PC5/6A, PC5/6B, or PC7 cDNA, using Superfect Transfect Reagent (Qiagen, Valencia, CA) following the manufacturer's protocol. In separate experiments, 293 cells were transfected with an expression PC5/6 vector. Empty vector served as control in these transfections. Lysate from these cells was used as a control for identification of PC5/6 on Western blotting. In transient transfections, serum-free medium was used.
Induction of decidualization in mouse uterine horn
Decidualization was induced in ovariectomized mice 4 -5 d after ovariectomy. Mice received three daily sc injections of 17-␤ estradiol (E 2 , 100 ng). After 4 d of rest, animals received three additional daily sc injections of E 2 (10 ng) as well as sc injections of P (1 mg). Both E 2 and P were delivered in 0.1 ml of sesame oil. On the third day of treatment with P, animals received the decidualizing signal, which was either trauma or oil. After anesthesia, an incision was made in the left flank and the left uterine horn was exposed. Trauma was produced by the insertion of a blunt 25-gauge needle seven times into the horn lumen. For decidualization by oil, 20 l of sesame oil was injected into the proximal left uterine horn at the tubal junction. Animals received three additional daily sc injections of P (1 mg). Seventy-two hours later, both uterine horns were removed. The approval of the institutional Animal Care and Use Committee of Stony Brook University was obtained for carrying out the experiments on decidualization of mouse uterine horns.
Culture and decidualization of human endometrial stromal cells
HuF were isolated from decidua parietalis dissected from the placental membranes after normal vaginal delivery at term under an approved protocol by the University of Illinois at Chicago Committee on the Use of Human Subjects in Medical Research. Briefly, scraped cells were digested in 0.1% collagenase, 0.02% deoxynuclease in calcium-and magnesium-free Hanks' balanced salt solution. Cells were plated in four 100-mm culture dishes (Becton Dickinson and Co. Labware, Franklin Lakes, NJ) and placed into an incubator at 37 C in presence of 5% CO 2 . The next day, plates were extensively washed with PBS to remove nonadherent (mainly decidual) cells. At confluence, cells were trypsinized and used for experiments in passage number 3-5. Cell purity was assessed by immunocytochemistry using antibodies against cytokeratin (Dako Corp., Carpenteria, CA) and vimentin (Zymed Laboratories, Inc., San Francisco, CA). The purity of the fibroblast cell preparations used was more than 95%. These cells were treated with medium alone and with medium supplemented with hormones were documented not to be pregnant, and had no history of endometriosis. Endometrial tissues were subjected to collagenase/hyaluronidase (Sigma-Aldrich) digestion for 2 h at 37 C. After digestion, the stroma was dispersed, although the glandular structures remained mostly intact. Stromal cells were separated from glands on a size basis. Stromal cells were centrifuged, and the resulting pellet was resuspended in a 4:1 ratio in DMEM-F12 (Life Technologies, Inc.) and DMEM/10% FBS. Cells were preplated in 10 cm 2 standard culture plates for 1 h at 37 C in the presence of 9% CO 2 , and the medium was replaced with high-glucose DMEM/MCDB-105 medium with 10% charcoal-stripped FBS, insulin (5 g/ml) (Sigma-Aldrich), gentamycin, penicillin, and streptomycin. Endometrial stromal cells were passaged two to three times before the experiments. The stromal cells used were 99% pure, devoid of lymphocytes, endothelial cells, and fibroblasts (5). Culture medium was changed every 2-3 d. For induction of decidualization, cultured stromal cells were pretreated with E 2 (10 m), and, once confluent, they were treated in serum-free media supplemented with 1 m 8-bromo cAMP for 72 h. The concentration of IGFBP-1 was determined in conditioned media after cAMP treatment using an IGFBP-1 ELISA (DSL, Webster, TX).
Northern blot analysis
Total RNA (20 g/lane) or poly A RNA (2 g/lane) was fractionated in formaldehyde-agarose gel. After diffusion transfer to nitrocellulose filters and cross-linking (Stratalinker; Stratagene, La Jolla, CA), hybridizations were performed using denatured 32 P-labeled cRNA of lefty, and cDNA probes for mouse fur, PC5/6, PACE4, and PC7 were used as described previously (12) . Gels were stained with ethidium bromide for revealing the 18S and 28S ribosomal RNA and blots were stripped and probed for actin cDNA for normalization. Quantification was performed using Sigma Gel (Sigma-Aldrich) as well as the Typhoon 9400 (GE Healthcare) and ImageQuant software (Molecular Dynamics).
SDS-PAGE and Western blotting
Media were centrifuged at 7000 ϫ g for 3 h and concentrated by about 12-fold using Centricon 10 (protein molecular size cut-off: 10,000 kDa; Amicon, Danvers, MA). The concentration of proteins in these samples was determined by Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA). Concentrated conditioned media or cell lysates (50 g protein per lane) were fractionated in a 12% denaturing gel together with prestained protein ladder (Life Technologies, Inc.) and were subsequently blotted onto nitrocellulose membrane in a Mini-Trans-Blot apparatus (Bio-Rad Laboratories). Blots were stained with the goat polyclonal antibody to lefty peptide (M-20) (1-2 g/ml) or where indicated with rabbit antibody to PC5/6. The secondary antibody used was donkey antigoat IgG-HRP or goat antirabbit (Santa Cruz Biotechnology). Bands were detected by chemiluminescence as described by the manufacturer. Quantification was performed using Sigma Gel (Sigma-Aldrich).
Statistical analysis
Density of bands and ratios of precursor/long form of lefty were compared using t test. Differences were considered statistically significant when P Ͻ 0.05.
Results

Lefty proteins in mouse uterine horn during pregnancy
Transfection of different cell lines with human lefty A and B form resulted in expression of a 42-kDa protein, which was proteolytically processed to release two polypeptides of 34 kDa (long form) and 28 kDa (short form) (4). To examine for the presence of similar processed forms in mouse uterine horn, proteins from horns of pregnant mice were subjected to Western blot analysis for lefty. On d 1 of pregnancy, precursor and long form of lefty were equally present. However, on d 3, and particularly on d 5, of pregnancy, there was more long form of lefty compared with the precursor form (Fig. 1) . On d 9, this was more notable close to the implantation site rather than in tissues intervening the implantation sites ( Fig. 1) , suggesting that processing of lefty occurs in decidualized stroma more efficiently around the implanting embryo.
Lefty in mouse endometrium during artificial decidualization
To determine whether lefty processing was due to the decidualization of stroma and whether it required presence of an embryo, decidualization was artificially induced in endometrium. We introduced oil, as the deciduogenic signal, into the left uterine horns of mice primed with steroid hormones, E 2 and P. The left uterine horns, removed 3 d after receiving the decidualizing signal, were enlarged, and the distal parts of some right uterine horns were also enlarged, suggesting transfer of oil from the left to the right horn (Fig.  2) . The introduction of Chicago blue dye has substantiated this trans-uterine horn flow (7) . For this reason, the uterine horns of mice primed with hormones that did not receive the decidualizing signal, rather than the right horn of animals that received the deciduogenic stimulus, were used as controls. Trauma was used as a second deciduogenic signal in the left uterine horn. The left horns removed 3 d later were also enlarged (Fig. 2) . The wet weight of the uterine horns injected with oil was significantly higher than the weights of horns that were traumatized (data not shown). The sections of uterine horns examined after hematoxylin and eosin staining showed the typical morphology of a decidualized stroma (data not shown). Western blot analysis for IGFBP-1 was carried out to confirm the decidualization of stroma in the uterine horns. IGFBP-1 was found in both uterine horns, but unless both horns were enlarged to the same extent, more IGFBP-1 immunoreactivity was present in the left compared with the right horns (Fig. 2) .
Northern blot analysis showed both 2.4-and 1.5-kb bands of lefty mRNA in mouse uterine horns of both nondecidualized control and decidualized horns. As compared with control uterine horns, lefty was expressed at a significantly higher level (ϳ3.1-to 3.6-fold) in the decidualized horns irrespective of the type of the decidualizing signal (Fig. 3A) . Although both precursor and long forms of lefty were present in the nondecidualized uterine horns primed with hormones E 2 and P, the long form was the predominant form in the decidualized horns irrespective of the deciduogenic signal (Fig. 3B) .
Expression of convertases in mouse uterine horn during artificial decidualization
Because members of the PC family cleave different TGF-␤ proteins, the data suggested that processing of lefty might be due to expression of a convertase in the decidualized stroma. For this reason, Northern blot analysis for the relevant con- vertases including Furin, PC5/6, PC7, and PACE4, were carried out on the RNA isolated from the decidualized and control nondecidualized mouse uterine horns. Among these convertases, only the expression of PC5/6 was significantly increased in the decidualized horns (Fig. 4A) . Both deciduogenic signals increased the expression of PC5/6 and both the A (short form) and B (long form) isoforms were significantly increased (ϳ6-fold increase for PC5A and 3-fold increase for PC5B). Western blot analysis was performed on the tissue lysates of the decidualized and nondecidualized uterine horn to validate increased PC5/6. The lysate of 293 cells transfected with PC5/6 served as a positive control for the identification of PC5/6, whereas the lysate from 293 cells transfected with empty vector served as a negative control. As shown in Fig. 4B , PC5/6 was increased in the decidualized uterine horn, whereas it was low to undetectable in control hormone-primed nondecidualized uterine horn.
Processing of lefty by PC5/6A
These findings suggested that lefty was being processed in the decidualized stroma by PC5/6. To directly show that PC5/6 was responsible for lefty processing, CHO cells were transfected simultaneously with lefty cDNA and cDNAs of various PCs including Furin, PACE4, PC5/6A, PC5/6B, and PC7. From these convertases only the PC5/6 was able to convert lefty to its long form. PC5/6A was more efficient than PC5/6B in the processing of lefty to its long form (Fig. 5) .
Processing of lefty in endometrial stromal cells decidualized in vitro
To directly show that lefty was processed in decidualized cells irrespective of other in vivo signals, decidualization was induced in HuFs cells. These cells were derived from human placenta and have been shown to decidualize in vitro both with cAMP and with E 2 /P treatment (8) . Both cAMP and E 2 /P led to the decidualization of these cells as confirmed by release of IGFBP-1 into the culture medium (Fig. 6A) . Both decidualizing signals led to the accumulation of the long form of lefty in the cell lysate. However, the long form of lefty was present in the culture medium of cells decidualized with cAMP but not with E 2 /P (Fig. 6A) . To further validate these findings, SHT290 cells, which were derived from human FIG. 3 . A, Lefty expression in decidualized mouse uterine horn. Poly A RNA (2 g) from each control mouse uterine horn primed with hormone alone and those decidualized with oil or trauma were subjected to Northern blot analysis for lefty using a 32 P-labeled lefty-1 cRNA probe. The blot was washed and reprobed with 32 P-labeled actin probe. The upper panel shows a representative blot of multiple experiments (n ϭ 6) in control horn (C) and horns decidualized with trauma (T) and oil (O). The lower panel shows the mean OD of a 2.5-kb band normalized with the density of actin bands Ϯ SD. The density of lefty bands was increased in decidualized horns. P Ͻ 0.05. B, Processing of lefty in decidualized mouse uterine horn. Protein extracts (250 g) from each control mouse uterine horn primed with hormone alone and those decidualized with oil or trauma were subjected to Western blot analysis for lefty. To show equal loading, the blot was stripped and reprobed for actin. The upper panel shows a representative blot of multiple experiments (n ϭ 6) in control horn (C) and horns decidualized with trauma (T) and oil (O). The lower panel shows the ratios of normalized mean OD of precursor/long form of lefty Ϯ SD. P Ͻ 0.05. The ratio was significantly increased upon decidualization of horn. P, Precursor form; L, long form; S, short form. endometrial stromal cells and immortalized by transfection with telomerase were used. SHT290 stromal cells were very similar to the parental strain from which they were derived according to criteria of proliferation, karyotype, cellular localization of cytoskeletal markers and nuclear staining, and basal gene expression based on microarray analysis (9) . These cells were shown to decidualize with E 2 /P treatment (9) . These cells were decidualized in vitro with E 2 /P and with cAMP. Untreated cells served as controls. In these cells, only E 2 /P and not cAMP led to the processing of lefty (Fig. 6B) . However, neither treatment led to the release of lefty to the culture medium. This suggested that culture condition or transfection with telomerase might have hampered the ability of these cells to respond to cAMP.
To show that lefty was also processed in response to cAMP, and was released into culture medium, primary cultures of human endometrial stromal cells derived from five different subjects were decidualized with cAMP. Northern blot analysis of these cells showed significant increase (5-to 8-fold) in lefty expression within the short duration of treatment (Fig. 7A) . The quantity of the IGFBP-1 was determined in the culture media of these cells by ELISA. IGFBP-1 was present in the culture media of decidualized cells and not the culture media of untreated cells (Fig. 7B) . Western blot analysis of culture media of nondecidualized cells showed the precursor form of lefty (Fig. 7B) . On the other hand, decidualization of stromal cells led to accumulation of both long and short forms of lefty in the culture media (Fig. 7B) .
Discussion
We previously showed that lefty was expressed in human endometrium at a high level immediately before and during menstrual bleeding (2) . In situ hybridization showed that lefty Cell lysates and culture media were then subjected to Western blotting using recombinant IGFBP-1 (rIGFBP-1) and lefty as a positive control. Blots were probed for IGFBP-1 and for lefty. P, precursor; L, long processed form of lefty; S, short processed form of lefty. B, Processing lefty in decidualized SHT290 cells. SHT290 cells (immortalized human endometrial stromal cells) were treated with medium and with medium supplemented with 10 Ϫ6 M MPA ϩ 10 Ϫ8 M E 2 or with cAMP (1 mM) for 13 d. Medium was comprised of DMEM, with high glucose, supplemented with 2% charcoal-stripped FBS and 20 ng/ml epidermal growth factor. Cell lysates were then subjected to Western blotting using cell lysate of lefty ϩ cells (GPEϩ86 cells transduced with lefty vector) as a positive control. Blot was probed for lefty. P, Precursor form; L, long form; S, short form.
was expressed in cells that were undergoing decidualization, a requisite for successful implantation (2) . In human endometrium, decidualization occurs in the absence of the embryo. However, in mice, decidualization occurs only in the presence of an embryo or by application of a decidualizing signal to a properly primed endometrium. During pregnancy, by the time the embryo arrives into the mouse uterine cavity on d 4 and by d 5, there is evidence of decidualization of stroma. Here, we show that this decidualization is associated with an increase in the long form of lefty in mouse endometrium. However, presence of the embryo is not required for this event, because lefty is efficiently processed to its long form when uterine horn is artificially forced to decidualize with oil or trauma. Although both precursor and long forms of lefty are increased with hormonal priming alone, decidualization appears to be important for the efficient conversion of lefty to its long form.
Decidualization of mouse uterine horn as well as decidualization of various human endometrial stromal cells leads to increased lefty expression. These findings are consistent with the microarray data and Northern blot analysis, which show a steady level of increase of lefty as the decidual cells differentiate (5, 6) . In vitro, cAMP is more efficient than E 2 ϩ P in the induction of decidualization in lefty expression in primary cultures of human endometrial stromal cells. Treatment of endometrial stromal cells with cAMP induces decidualization of cells, IGFBP-1 release into the culture medium, and lefty processing within 72 h; longer treatment with E 2 /P (12 d) are required for decidualization and lefty processing.
The processing of lefty protein and its secretion appear to be dependent on the decidualizing signal and cell type. In SHT290 cells, E 2 /P and not cAMP led to the processing of lefty, and in HuFs cells, lefty was released into the culture medium only after treatment with cAMP and not after E 2 /P-induced decidualization. Similarly, Meno et al. reported that the processing of lefty-1 was dependent on the cells that were transfected to express the protein (1) . When transfected with lefty-1 cDNA, the 293T cells produced the lefty precursor but failed to release it into the culture medium (10) . On the other hand, the BALB/3T3 cells produced a 32-kDa protein and released it along with a 25-to 27-kDa protein into the culture medium (10) . These findings show that the processing and release of lefty proteins have special requirements and not all cells have the required machinery to carry out both of these functions.
Members of the TGF-␤ family are synthesized as precursor proteins, which are proteolytically processed to release the bioactive polypeptides (11) . Proteins of the TGF-␤ superfamily are cleaved by members of the PC family of endo- proteases (12) (13) (14) (15) . Thus far, in mammals, seven members of this family of proteins have been identified. These include furin, PC1/3, PC2, PC4, PC5/6A and B, PACE4, and PC7 (16, 17) . These Ca 2ϩ -dependent serine proteases cleave proteins mostly at substrates on the C-terminal side of arginine-X-Xarginine (R-X-X-R) or lysine-X-X-arginine (K-X-X-R) pairs of basic amino acids (18 -20) . Furin was the first convertase to be extensively characterized, including in two knockout mouse models (21, 22) , and has been shown in vitro to be required for the proper processing of several TGF-␤ proproteins. Furin-deficient LoVo cells fail to cleave TGF-␤1, whereas cells transfected with Furin regain the ability to properly process TGF-␤1 (13) . Thus, specific convertases appear to be important in the processing of members of the TGF-␤ family. Lefty has two cleavage sites, RGKR and RHGR. Because the mutation of the sequence RGKR to GGKG (amino acids 74 -77) and RHGR to GHGR (amino acids 132-135) prevented the proteolytic processing of lefty precursor, these sequences are bona fide sites for the action of convertases (4) .
Despite the clear implication of the PC in the processing of TGF-␤1, little is known about the processing of lefty by these proteases during decidualization. In this study, we show the importance of the PC family of endoproteases in lefty processing. Neither Furin nor PACE4 or PC7 were able to process lefty to its long form. Only PC5/6 was capable of this processing and the A isoform was the most efficient. A similar observation was made for pro-lactase-phlorizin-hydrolase, which is cleaved by PC5/6A but not PC5/6B (23) . Also, the proinsulin-like growth factor-IA is processed less efficiently by PC5/6A than by PC5/6B (24) . The PC5/6A and B share the same catalytic domain (23) . Therefore, it is not clear why they seem to differ so drastically in their activity of processing lefty protein. The reason for this discrepancy is likely due to the different compartmentalization of the isoforms. PC5/6A and PC5/6B are sorted to different compartments (25) . PC5/6A has been shown to be localized in the extracellular matrix (26) and in the large dense-core vesicle in the neuroendocrine cells, whereas PC5/6B is concentrated in the trans-Golgi (27) . Furthermore, PC5/6A is a soluble protein, whereas PC5/6B, due to its C-terminal membrane anchor, is membrane-bound (28 -30) .
Interestingly, both PC5/6A and B are increased during decidualization in mouse uterine horns. However, more PC5/6A than the B isoform is present in decidua, suggesting a more prominent role of PC5/6A in the processing of lefty. These findings are consistent with previous reports of strong PC5/6 expression during pregnancy in differentiated decidua (31) and in human endometrial stromal cells decidualized in vitro by E 2 /P treatment (32). Wong et al. (33) showed PC5/6A expression in mouse uterine decidua from E5.5 through to E8.5 and in artificially decidualized stroma. PC5/6 appears to be required for decidualization and for embryo implantation (32, 34) . Okada et al. (32) have recently shown that antisense morpholino to PC5/6 decreases decidualization of human endometrial stromal cells in culture as evidenced by reduced prolactin production. Intraluminal administration of antisense morpholino to PC5/6 inhibits implantation (34) . The requirement of PC5/6 does not appear to be limited to mouse, because PC5/6 is greatly up-regulated both in rhesus monkey and humans during the phase of endometrial receptivity and at implantation (34) . The increase in the processed form of lefty in uterine horns treated with hormones occurred in the absence of decidualization or PC5 expression (Fig. 2B) . This suggests that PC5-independent pathways might exist for lefty processing or that lefty accumulates in cells due to decreased degradation and or secretion.
Taken together, the findings show that lefty is a primary target for PC5/6 action and that up-regulation of PC5/6 along with processing of lefty are essential features of the decidualization process.
